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Abstract
An intact and fully functional innate immune system is criti-
cal in the defense against pathogens. Indeed, during sys-
temic infection, the ability of the organism to cope with the 
increased demand for phagocytes depends heavily on suf-
ficient replenishment of mature myeloid cells. This process, 
designated emergency or demand-adapted myelopoiesis, 
requires the activation of hematopoietic progenitors in the 
bone marrow (BM), resulting in their proliferation and differ-
entiation toward the myeloid lineage. Failure of BM progen-
itors to adapt to the enhanced need for mature cells in the 
periphery can be life-threatening, as indicated by the detri-
mental effect of chemotherapy-induced myelosuppression 
on the outcome of systemic infection. Recent advances dem-
onstrate an important role of not only committed myeloid 
progenitors but also of hematopoietic stem cells (HSCs) in 
emergency myelopoiesis. In this regard, pathogen-derived 
products (e.g., Toll-like receptor ligands) activate HSC differ-
entiation towards the myeloid lineage, either directly or in-
directly, by inducing the production of inflammatory media-
tors (e.g., cytokines and growth factors) by hematopoietic 
and nonhematopoietic cell populations. The inflammatory 
mediators driving demand-adapted myelopoiesis target not 
only HSCs but also HSC-supportive cell populations, collec-
tively known as the HSC niche, the microenvironment where 
HSCs reside. In this review, we discuss recent findings that 
have further elucidated the mechanisms that drive emer-
gency myelopoiesis, focusing on the interactions of HSCs 
with their BM microenvironment. © 2018 S. Karger AG, Basel
Introduction
The innate immune system is the first line of host de-
fense against pathogens. Several cell populations and sol-
uble factors act in concert to restrict pathogens and pre-
vent systemic infection. Innate immune cell mobilization 
from the bone marrow (BM), especially the mobilization 
of neutrophils, and their accumulation at the site of infec-
tion are crucial in containing the pathogen [1]. In the 
course of severe systemic infection, the acute demand for 
vast numbers of neutrophils to cope with the infection 
renders the constant replenishment of circulating neutro-
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phils from the BM imperative. This process, termed 
emergency or demand-adapted myelopoiesis, is mediat-
ed by the activation of hematopoietic stem cells (HSCs) 
and progenitor cells in the BM [2]. In this review, we dis-
cuss the contribution of hematopoietic progenitor cell 
populations to the innate immune response.
HSCs and Hematopoietic Hierarchy
HSCs, at the top of the hematopoietic hierarchy, are 
quiescent cells with multipotent and extensive self-re-
newal potential, and reside in the BM niche [3]. HSC 
maintenance in the BM niche and their activation status 
is regulated by cell-intrinsic factors including transcrip-
tionally regulated programs and cellular metabolism, as 
well as by the components of the niche micro-environ-
ment [4].
HSC differentiation to multipotent progenitor (MPP) 
cells is the initial step in a cascade of events resulting in 
mature hematopoietic cells, including cells of innate im-
munity, although tissue-resident macrophages may de-
rive from embryonic progenitors [5, 6]. MPPs show 
higher proliferation rates than HSCs, and are therefore 
considered to play a major role in the maintenance of un-
perturbed hematopoiesis, but the exact contribution of 
HSCs to steady-state hematopoiesis is under debate [7–
9]. MPPs subsequently give rise to progenitor cells with 
myeloid lineage commitment (common myeloid progen-
itors; CMPs) or lymphoid lineage commitment (common 
lymphoid progenitors; CLPs) [3]. There is an imbalance 
between the myeloid and lymphoid output of MPPs, since 
differentiation to CMPs has been shown to be substan-
tially higher than differentiation to CLPs [7]. Further 
steps of differentiation of CMPs toward more restricted 
progenitors, e.g., granulocyte-macrophage progenitors 
(GMPs), erythrocyte-megakaryocyte progenitors, and 
monocyte-dendritic cell progenitors, and, as a next stage, 
toward restricted granulocyte progenitors, monocyte 
progenitors, and common dendritic progenitors, result in 
a huge amplification of innate immune cell production, 
generating an adequate number of neutrophil cells [10, 
11]. 
The hierarchical model of hematopoiesis is, however, 
oversimplified, given the high heterogeneity of hemato-
poietic and myeloid progenitor cell populations [12, 13]. 
A typical example is the characterization of an HSC sub-
population that expresses CD41, which shows lineage 
bias toward myelopoiesis [14]. Similarly, MPPs can be di-
vided into subpopulations with increased myeloid or 
lymphoid bias based on the expression of the receptor 
tyrosine kinase Flt3 [15, 16]. Recent studies, using single-
cell analysis approaches and genetic labeling, have further 
demonstrated high heterogeneity in progenitor cell pop-
ulations, and, importantly, that lineage commitment de-
cisions may be taken earlier, at the level of primitive HSCs 
[17–19]. For example, it has been recently shown that at 
steady-state hematopoiesis, megakaryocyte-erythroid 
lineage derives from early HSCs, while certain HSC clones 
display a restricted output of myeloid lineage cells [17]. 
Single-cell transcriptomic analysis revealed a correlation 
between the myelopoiesis-related gene signature and sig-
natures associated with cell cycle and proliferation, fur-
ther underlining the increased necessity for myeloid cell 
production in the BM when compared to lymphocytes 
[19]. These findings challenge the long-standing percep-
tion that lineage specification takes place at the level of 
the bifurcation into CMPs and CLPs.
Emergency Myelopoiesis 
The production of innate immune cells, especially 
neutrophils, is a major task that the hematopoietic sys-
tem needs to fulfill under steady-state conditions, as the 
estimated daily production of neutrophils in adult hu-
mans is 0.5–1 × 1011 [20]. The demand for neutrophil 
generation increases dramatically during hematopoietic 
stress induced by chemotherapy-associated myeloabla-
tion or systemic infection/inflammation. Administra-
tion of myeloablative regimens often results in profound 
neutropenia, which can lead to life-threatening infec-
tious complications (febrile neutropenia) [21]. Systemic 
infection or inflammation is characterized by increased 
neutrophil numbers (neutrophilia) and the presence of 
myeloid precursor cells (“left shift”) in peripheral blood. 
This enhanced demand for the generation and release of 
neutrophils from the BM to peripheral blood upon sys-
temic infection/inflammation derives from the accumu-
lation of vast numbers of neutrophils and subsequent 
neutrophil cell death at the sites of pathogen invasion or 
inflammation [22].
Replenishment of the neutrophil pool after myeloabla-
tion or systemic infection requires the activation of dor-
mant HSCs, and a switch from a quiescent to a prolifera-
tive state [4]. In this context, several cytokines, growth 
factors, and pathogen-derived products, e.g., Toll-like re-
ceptor (TLR) ligands, including bacterial lipopolysaccha-
ride (LPS) or lipoproteins, may activate HSCs, thereby 
changing their transcriptional program [4]. This activa-
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tion of hematopoietic progenitors leads to an increased 
production of GMPs, which then expand in numbers, 
form clusters, and further differentiate towards neutro-
phils [23], facilitating emergency myelopoiesis. In the 
same context, a recent study demonstrated that commit-
ted neutrophil precursors proliferate and expand upon 
systemic infection or tumoral stress, giving rise to imma-
ture neutrophils that migrate to peripheral tissues [24].
Myeloid Growth Factors and Cytokines
Systemic infection/inflammation leads to a strong in-
crease in the levels of growth factors that promote myelo-
poiesis [25, 26]. Granulocyte colony-stimulating factor 
(G-CSF) is critical for basal neutrophil production, as 
shown by the reduced numbers of circulating neutrophils 
in mice deficient in G-CSF (Csf3-/-) or its cognate receptor 
(Csf3r–/–) [27, 28]. Moreover, G-CSF-deficient mice dis-
play decreased numbers of granulocyte precursors and 
defective neutrophil mobilization [27]. G-CSF acts di-
rectly on CMPs and GMPs, instructing them toward 
granulopoiesis [29, 30], but in the case of HSCs, it regu-
lates the cell cycle [31] and drives their mobilization in an 
indirect fashion, by affecting the BM microenvironment 
[32, 33]. During systemic inflammation, endothelial cells, 
rather than cells of hematopoietic origin like resident 
macrophages, are the main cellular source of G-CSF by 
responding to LPS through TLR4, as demonstrated by 
BM chimera experiments [34, 35]. In murine models of 
infection with different microbes, alongside G-CSF, gran-
ulocyte-macrophage (GM)-CSF has been implicated in 
emergency myelopoiesis, and G-CSF- and GM-CSF-in-
dependent pathways of neutrophil generation in emer-
gency myelopoiesis have been described upon infection 
with Candida albicans [36, 37]. The ability of G-CSF to 
promote HSC proliferation and drive myelopoiesis is 
therapeutically important. Indeed, prophylactic adminis-
tration of G-CSF is currently recommended for patients 
at an increased risk of developing febrile neutropenia 
[38, 39].
Macrophage colony-stimulating factor (M-CSF) acts 
also directly on HSCs, driving them toward myelopoiesis 
[40, 41]. M-CSF has been shown to activate PU.1, a mas-
ter regulator of myelopoiesis, instructing myeloid lineage 
decision [40]. In addition, GM-CSF activates hematopoi-
etic progenitors toward myelopoiesis [42, 43]. Although 
GM-CSF deficiency does not alter hematopoietic progen-
itor cell numbers under steady state, GM-CSF contributes 
to emergency myelopoiesis in response to infection with 
Mycobacterium avium [36]. Blocking of GM-CSF was 
further shown to impair the expansion of hematopoietic 
progenitors in the context of β-glucan-induced trained 
immunity [44].
Several studies have focused on the role of cytokines 
produced during systemic inflammation [45] for the ac-
tivation of hematopoietic progenitor cells in emergency 
myelopoiesis. IL-1β directly activates hematopoietic pro-
genitor cells, inducing cell cycle and myeloid bias [44, 46, 
47]. Weisser et al. [46] demonstrated that HSCs from 
mice with X-linked chronic granulomatous disease had 
increased cell proliferation, which was associated with 
defective repopulation potential and faster functional de-
cline. Increased numbers of myeloid progenitors are also 
present in these mice, a finding indicative of myeloid-
biased hematopoiesis. Blocking of IL-1 with the IL-1 re-
ceptor antagonist, anakinra, partially reversed the chang-
es in hematopoietic progenitors, providing evidence that 
IL-1 participates in the detrimental effect of chronic in-
flammation on HSC function in this model.
IL-1 has been found to increase the proliferation and 
differentiation rate of HSCs in vitro, without having a 
similar effect on less primitive hematopoietic progenitors 
[47]. This effect was associated with induction in HSCs of 
the transcription factor PU.1 and the receptors of the 
myeloid-lineage growth factors GM-CSF (Csf2ra) and 
M-CSF (Csf1r), which are regulated by PU.1. The same 
study also demonstrated that chronic IL-1 administration 
impairs HSC self-renewal potential and drives myeloid 
differentiation, whereas acute IL-1 production in the BM 
supports reconstitution of myelopoiesis upon myelosup-
pression.
IL-6 contributes to the response of hematopoietic pro-
genitors to emergency myelopoiesis after myeloablation. 
IL-6-deficient mice show an attenuated hematopoietic 
response to myeloablation after cytotoxic treatment [48], 
whereas administering IL-6 promotes the recovery of he-
matopoiesis after irradiation [49]. IL-27, a member of the 
IL-6/IL-12 family of cytokines, acts on hematopoietic 
progenitors in vitro, instructing them towards the my-
eloid lineage. Overexpression of IL-27 in mice was shown 
to promote myelopoiesis and suppress lymphopoiesis 
[50]. The role of this cytokine during emergency myelo-
poiesis was further confirmed in a model of malaria infec-
tion. As assessed by BM chimeras, ablation of the IL-27 
receptor subunit WSX-1 in hematopoietic progenitors at-
tenuated their expansion and their differentiation toward 
myeloid lineage, with significant consequences for the 
degree of parasitemia [51]. 
Interferon (IFN)-γ, a type II IFN that plays a critical 
role in host defense against pathogens, may impair the 
self-renewal capacity of HSCs [52–55]. Chronic myco-
Mitroulis/Kalafati/Hajishengallis/
Chavakis
J Innate Immun 2018;10:365–372368
DOI: 10.1159/000489406
bacterial infection promotes the differentiation of HSCs, 
leading to the attenuation of their repopulation capacity; 
this has been attributed to IFN-γ, as shown by studies us-
ing mice lacking the ligand-binding chain of the IFN-γ 
receptor (Ifngr1–/–) [55, 56]. The role of IFN-γ in the re-
sponse of HSCs to mycobacterial infection, as well as to 
myeloablation induced by chemotherapy, was further re-
inforced by a study that assessed the involvement of the 
interferon-inducible GTPase Lrg-47 (Irgm1) in HSCs. 
Irgm1–/– mice showed impaired expansion of hematopoi-
etic progenitors in response to myeloablation induced by 
5-fluorouracil and infection with M. avium [57]. 
Direct HSC Activation by Pathogen-Associated 
Molecules
Pathogen-associated molecular patterns (PAMPs) can 
directly activate HSCs through pattern recognition recep-
tors, especially TLRs. HSCs express several TLRs [58]. In 
vitro activation of murine HSCs with TLR4 or TLR2 li-
gands, LPS, or Pam3CSK4 lipopeptide, respectively, pro-
motes cell proliferation and differentiation into myeloid 
lineage in a myeloid differentiation primary response 88 
(MyD88)-dependent manner [58].
Several groups have further tested the in vivo effect of 
TLR activation in hematopoietic progenitors. High-dose 
LPS administration results in pancytopenia by inducing 
cell death in BM cells and HSC dysfunction [59], whereas 
chronic in vivo administration of low-dose LPS over a 
period of up to 6 weeks results in the deterioration of the 
self-renewal and repopulating capacity of HSCs [60]. A 
recent study further demonstrated that LPS induces rep-
lication stress in HSC and impairs their repopulation ca-
pacity, in a pathway that involves reactive oxygen species 
(ROS), p38 mitogen-activated protein kinase (MAPK) 
and TRIF, but not MyD88 [61]. Interestingly, β-glucan-
induced trained immunity may reverse the LPS-associat-
ed replication stress in HSCs, thereby pointing to a pro-
tective mechanism by which trained immunity may pro-
mote myelopoiesis [44]. Rodriguez et al. [62] have shown 
that severe sepsis, induced by Pseudomonas aeruginosa or 
the administration of its LPS, blocks HSC differentiation 
toward myeloid lineage, resulting in neutropenia. The 
same group further demonstrated in the same model that 
the TLR4-TRIF pathway impairs HSC and MPP function, 
whereas the TLR4-MyD88 pathway mainly affects my-
eloid lineage-committed cells [63]. Another study dem-
onstrated that circulating HSCs can be recruited to sites 
of infection, where they generate tissue-resident myeloid 
cells in response to TLR activation [64]. Taken together, 
PAMPs can directly act on HSCs and induce their prolif-
eration to myeloid lineage cells, a process that aims at 
promoting the replenishment of innate immune cells.
Regulation of Myelopoiesis by Transcription Factors
The differentiation of progenitors to mature granulo-
cytes is tightly regulated by transcription factors, includ-
ing PU.1, GF1, CCAAT-enhancer binding protein-α (C/
EBPα), and C/EBPε [22]. PU.1 is critical for the differen-
tiation of HSCs toward the myeloid lineage in response to 
M-CSF [40] or IL-1β [47]. C/EBPα is also important for 
the progression of granulopoiesis, mainly by regulating 
the expression of the G-CSF receptor [22]. A recent study 
has further evaluated the expression and role of these 
transcription factors during the late stages of granulopoi-
esis [24]. Cebpa expression was increased in GMPs com-
pared to neutrophil precursors as well as immature and 
mature neutrophils, whereas Cebpe was necessary for the 
development of neutrophil precursors and was highly ex-
pressed in this cell population [24]. In addition, it was 
shown that mature neutrophils express higher levels of 
Cebpd than their precursors [24].
The HSC Niche in Emergency Myelopoiesis
Several nonhematopoietic and hematopoietic cell 
populations form a specialized microenvironment re-
quired for the maintenance of HSCs, designated the HSC 
niche [65]. Imaging of the BM reveals the perivascular 
localization of HSCs, even though the reports regarding 
their distribution in the perisinusoidal or periarteriolar 
region are conflicting [66, 67]. Perivascular mesenchymal 
stromal cells (MSCs) are critical players in the formation 
of the niche, by producing factors that support HSC 
maintenance [65]. In addition, sympathetic nerves, non-
myelinating Schwann cells, megakaryocytes, macro-
phages, and osteoclasts contribute to HSC niche for-
mation [65, 68]. On the other hand, osteolineage cells 
support the reconstitution of hematopoiesis after HSC 
transplantation into irradiated recipient mice [65].
These cell populations regulate HSC function via cell-
adhesive interactions and the release of soluble factors, 
like C-X-C motif chemokine ligand (CXCL)12, trans-
forming growth factor (TGF)β1 or stem cell factor [69]. 
CXCL12 is produced in the BM microenvironment by 
several cell populations, including perivascular MSCs, 
and especially CXCL12-abundant reticular (CAR) cells 
[70], endothelial cells [71], and osteoblasts, although the 
contribution of CXCL12 produced by osteoblasts in the 
regulation of HSCs is controversial [69, 70]. In a similar 
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fashion, stem cell factor, released by MSCs and endothe-
lial cells [72], and thrombopoietin [73] support HSC 
maintenance. Inflammatory stimuli suppress the expres-
sion of these retention molecules in the HSC niche, driv-
ing the activation and differentiation of HSCs [74]. For 
example, G-CSF downregulates CXCL12 expression in 
the BM, thereby inhibiting HSC retention [75].
Recent studies demonstrated that megakaryocytes 
play an important role in the maintenance of HSCs in the 
quiescent state, via the release of CXCL4 and TGFβ1 [68, 
76]. Moreover, megakaryocytes promote HSC prolifera-
tion by producing fibroblast growth factor (FGF)-1 in 
response to chemotherapy-induced myeloablation [76]. 
Resident macrophages play an important role in the BM 
microenvironment by regulating HSC niche via the clear-
ance of aged neutrophils [77].
Besides releasing important soluble factors, endothe-
lial cells regulate HSC trafficking, which takes place spe-
cifically at sinusoids due to increased vascular permeabil-
ity. The increased permeability in sinusoids, compared to 
arterioles, was further associated with significantly in-
creased levels of intracellular ROS in HSCs residing at the 
perisinusoidal region [71]. Since ROS promote the differ-
entiation of HSCs [78], this finding suggests that the de-
creased permeability of arterioles may contribute to the 
increased quiescence of HSCs residing in the periarterio-
lar area. Consistently, endothelial cell-specific deletion of 
FGF receptor (Fgfr)-1 and -2 results in the disruption of 
vascular integrity, leading to increased levels of ROS in 
HSCs and a bias toward myeloid lineage after transplan-
tation [71].
Cell-to-cell and cell-to-extracellular matrix interac-
tions regulate HSC trafficking, retention, and quiescence 
in the BM microenvironment. E-selectin expressed in BM 
endothelial cells drives the proliferation of HSCs, affect-
ing their response to chemotherapy [79]. Integrins ex-
pressed in HSCs play a major role in the adhesive interac-
tion between HSCs and cells that form the HSC niche. For 
example, α4β1 integrin on HSCs contributes critically to 
the engraftment and mobilization of HSCs [80, 81]. Integ-
rins of the β3 family also influence HSC function. For in-
stance, intracellular signaling downstream of β3 integrin 
ligation regulates the effect of other factors like thrombo-





























Fig. 1. Regulation of myelopoiesis in the hematopoietic stem cell 
(HSC) niche. a HSCs remain quiescent and are responsible for the 
maintenance of hematopoiesis. b Myeloablation or systemic in-
flammation drives HSC activation and differentiation to myeloid 
progenitors, to restore myelopoiesis. This balance between steady 
state and activation of HSCs depends on interactions with HSC 
niche, formed by mesenchymal stem cells (MSCs), endothelial 
cells, megakaryocytes, and macrophages. Factors that mediate 
HSC maintenance or proliferation/differentiation are listed. 
CXCL, C-X-C motif chemokine ligand; SCF, stem cell factor; TPO, 
thrombopoietin; TGF, transforming growth factor; IL, interleukin; 
TLR, Toll-like receptor; IFN, interferon; M-CSF, macrophage col-
ony-stimulating factor; G-CSF, granulocyte-colony stimulating 
factor; GM-CSF, granulocyte-macrophage colony-stimulating 
factor; Del-1, developmental endothelial locus-1; OPN, osteopon-
tin; MyP, myeloid progenitor.
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recently shown that developmental endothelial locus 
(Del)-1, a protein produced in the BM by CAR cells and 
the endothelium, regulates HSC function by acting as a 
ligand of β3 integrin [83]. Del-1 deficiency impairs the 
regeneration of myelopoiesis after transplantation or 
LPS-induced systemic inflammation [83]. Additionally, 
competitive repopulation assays using donor cells from 
mice deficient in Del-1 [83] or mice with Del-1 over-
expression in the endothelium [84], revealed a role for 
Del-1 in priming HSCs toward a myeloid lineage. An-
other protein expressed by BM stroma cells is osteopon-
tin (OPN), which also regulates HSC function, albeit 
through α9β1 integrin [85, 86]. Decreased levels of OPN 
in aged BM have been recently associated with the my-
eloid skewing typically observed in aging [85], while OPN 
suppresses myelopoiesis in favor of lymphopoiesis during 
systemic fungal infection [87]. Distinct OPN isoforms 
may exert different actions; whereas the intracellular iso-
form is responsible for the impaired expansion of my-
eloid progenitors, the secreted isoform drives the expan-
sion of CLPs [87]. Therefore, the interplay between HSCs, 
cell populations forming the niche, and locally produced 
soluble factors regulates the balance between HSC quies-
cence (Fig.  1a) and differentiation-associated prolifera-
tion (Fig. 1b). 
Conclusion
Hematopoietic progenitors are a critical component of 
innate immunity, enabling the replenishment of innate 
immune populations in emergency myelopoiesis in the 
context of systemic infection or after chemotherapy-in-
duced myelosuppression. Emergency myelopoiesis is a 
tightly regulated process involving contributions by sev-
eral inflammatory mediators and HSC niche factors that 
typically tilt the hematopoiesis balance toward a myeloid 
lineage. The recently revealed molecular mechanisms 
provide promising molecular targets for the optimization 
of myelopoiesis in the context of disorders such as febrile 
neutropenia associated with chemotherapy.
Acknowledgements
This work is supported by grants from the US National Insti-
tutes of Health (DE026152 to GH and TC and DE024153 to GH). 
I.M. was supported by the National Center for Tumor Diseases, 
Dresden, Germany.
Disclosure Statement
The authors declare no conflicts of interest.
References
 1 Kolaczkowska E, Kubes P: Neutrophil re-
cruitment and function in health and inflam-
mation. Nat Rev Immunol 2013; 13: 159–175.
 2 Boettcher S, Manz MG: Regulation of inflam-
mation- and infection-driven hematopoiesis. 
Trends Immunol 2017; 38: 345–357.
 3 Seita J, Weissman IL: Hematopoietic stem 
cell: self-renewal versus differentiation. Wiley 
Interdiscip Rev Syst Biol Med 2010; 2: 640–
653.
 4 Trumpp A, Essers M, Wilson A: Awakening 
dormant haematopoietic stem cells. Nat Rev 
Immunol 2010; 10: 201–209.
 5 McGrath KE, Frame JM, Palis J: Early hema-
topoiesis and macrophage development. Se-
min Immunol 2015; 27: 379–387.
 6 Hoeffel G, Ginhoux F: Fetal monocytes and 
the origins of tissue-resident macrophages. 
Cell Immunol 2018;S0008–8749: 30001–
30007.
 7 Busch K, et al: Fundamental properties of un-
perturbed haematopoiesis from stem cells in 
vivo. Nature 2015; 518: 542–546.
 8 Schoedel KB, et al: The bulk of the hematopoi-
etic stem cell population is dispensable for 
murine steady-state and stress hematopoiesis. 
Blood 2016; 128: 2285–2296.
 9 Sawai CM, et al: Hematopoietic stem cells are 
the major source of multilineage hematopoi-
esis in adult animals. Immunity 2016; 45: 597–
609.
10 Weiskopf K, et al: Myeloid cell origins, differ-
entiation, and clinical implications. Microbi-
ol Spectr 2016, DOI: 10.1128/microbiolspec.
11 Yáñez A, et al: Granulocyte-monocyte pro-
genitors and monocyte-dendritic cell progen-
itors independently produce functionally dis-
tinct monocytes. Immunity 2017; 47: 890–902.
e4.
12 Notta F, et al: Distinct routes of lineage devel-
opment reshape the human blood hierarchy 
across ontogeny. Science 2016; 351:aab2116.
13 Paul F, et al: Transcriptional heterogeneity 
and lineage commitment in myeloid progeni-
tors. Cell 2015; 163: 1663–1677.
14 Gekas C, Graf T: CD41 expression marks my-
eloid-biased adult hematopoietic stem cells 
and increases with age. Blood 2013; 121: 4463–
4472.
15 Pietras EM, et al: Functionally distinct subsets 
of lineage-biased multipotent progenitors 
control blood production in normal and re-
generative conditions. Cell Stem Cell 2015; 17: 
35–46.
16 Adolfsson J, et al: Identification of Flt3+ 
lympho-myeloid stem cells lacking erythro-
megakaryocytic potential a revised road map 
for adult blood lineage commitment. Cell 
2005; 121: 295–306.
17 Carrelha J, et al: Hierarchically related lin-
eage-restricted fates of multipotent haemato-
poietic stem cells. Nature 2018; 554: 106–111.
18 Rodriguez-Fraticelli AE, et al: Clonal analysis 
of lineage fate in native haematopoiesis. Na-
ture 2018; 553: 212–216.
19 Yang J, et al: Single cell transcriptomics re-
veals unanticipated features of early hemato-
poietic precursors. Nucleic Acids Res 2017; 
45: 1281–1296.
20 Dancey JT, Deubelbeiss KA, Harker LA, 
Finch CA: Neutrophil kinetics in man. J Clin 
Invest 1976; 58: 705–715.
21 Kuderer NM, Dale DC, Crawford J, Cosler LE, 
Lyman GH: Mortality, morbidity, and cost as-
sociated with febrile neutropenia in adult can-
cer patients. Cancer 2006; 106: 2258–2266.
22 Manz MG, Boettcher S: Emergency granulo-
poiesis. Nat Rev Immunol 2014; 14: 302–314.
23 Hérault A, et al: Myeloid progenitor cluster 
formation drives emergency and leukaemic 
myelopoiesis. Nature 2017; 544: 53.
Myelopoiesis in the Context of Innate 
Immunity
371J Innate Immun 2018;10:365–372
DOI: 10.1159/000489406
24 Evrard M, et al: Developmental analysis of 
bone marrow neutrophils reveals populations 
specialized in expansion, trafficking, and ef-
fector functions. Immunity 2018; 48: 364–379.
e8.
25 Kawakami M, et al: Levels of serum granulo-
cyte colony-stimulating factor in patients 
with infections. Blood 1990; 76: 1962–1964.
26 Selig C, Nothdurft W: Cytokines and progen-
itor cells of granulocytopoiesis in peripheral 
blood of patients with bacterial infections. In-
fect Immun 1995; 63: 104–109.
27 Lieschke GJ, et al: Mice lacking granulocyte 
colony-stimulating factor have chronic neu-
tropenia, granulocyte and macrophage pro-
genitor cell deficiency, and impaired neutro-
phil mobilization. Blood 1994; 84: 1737–1746.
28 Liu F, Wu HY, Wesselschmidt R, Kornaga T, 
Link DC: Impaired production and increased 
apoptosis of neutrophils in granulocyte 
colony-stimulating factor receptor-deficient 
mice. Immunity 1996; 5: 491–501.
29 Rieger MA, Hoppe PS, Smejkal BM, Eitelhu-
ber AC, Schroeder T: Hematopoietic cyto-
kines can instruct lineage choice. Science 
2009; 325: 217–218.
30 Zhang H, et al: STAT3 controls myeloid pro-
genitor growth during emergency granulo-
poiesis. Blood 2010; 116: 2462–2471.
31 Schuettpelz LG, et al: G-CSF regulates hema-
topoietic stem cell activity, in part, through 
activation of Toll-like receptor signaling. Leu-
kemia 2014; 28: 1851–1860.
32 Levesque J-P, Barbier V, Nowlan B, McCarhty 
D, Winkler IG: impairment of hematopoietic 
stem cell (HSC) niche by G-CSF is associated 
with rapid mobilization of serially reconsti-
tuting HSC and reduced competitive repopu-
lation of mobilized bone marrow. Blood 2011; 
118: 1889–1889.
33 Semerad CL, et al: G-CSF potently inhibits os-
teoblast activity and CXCL12 mRNA expres-
sion in the bone marrow. Blood 2005; 106: 
3020–3027.
34 Boettcher S, et al: Endothelial cells translate 
pathogen signals into G-CSF-driven emer-
gency granulopoiesis. Blood 2014; 124: 1393–
1403.
35 Boettcher S, et al: Cutting edge: LPS-induced 
emergency myelopoiesis depends on TLR4-
expressing nonhematopoietic cells. J Immu-
nol 2012; 188: 5824–5828.
36 Zhan Y, Cheers C: Haemopoiesis in mice ge-
netically lacking granulocyte-macrophage 
colony stimulating factor during chronic in-
fection with Mycobacterium avium. Immunol 
Cell Biol 2000; 78: 118–123.
37 Basu S, et al: “Emergency” granulopoiesis in 
G-CSF-deficient mice in response to Candida 
albicans infection. Blood 2000; 95: 3725–3733.
38 Smith TJ, et al: Recommendations for the use 
of WBC growth factors: American Society of 
Clinical Oncology Clinical Practice Guideline 
Update. J Clin Oncol Off J Am Soc Clin Oncol 
2015; 33: 3199–3212.
39 Bennett CL, Djulbegovic B, Norris LB, Armit-
age JO: Colony-stimulating factors for febrile 
neutropenia during cancer therapy. N Engl J 
Med 2013; 368: 1131–1139.
40 Mossadegh-Keller N, et al: M-CSF instructs 
myeloid lineage fate in single haematopoietic 
stem cells. Nature 2013; 497: 239–243.
41 Sarrazin S, et al: MafB restricts M-CSF-de-
pendent myeloid commitment divisions of 
hematopoietic stem cells. Cell 2009; 138: 300–
313.
42 Metcalf D, et al: Hemopoietic responses in 
mice injected with purified recombinant mu-
rine GM-CSF. Exp Hematol 1987; 15: 1–9.
43 Lang RA, et al: Transgenic mice expressing a 
hemopoietic growth factor gene (GM-CSF) 
develop accumulations of macrophages, 
blindness, and a fatal syndrome of tissue dam-
age. Cell 1987; 51: 675–686.
44 Mitroulis I, et al: Modulation of myelopoiesis 
progenitors is an integral component of 
trained immunity. Cell 2018; 172: 147–161.
e12.
45 Dinarello CA: Proinflammatory and anti- 
inflammatory cytokines as mediators in the 
pathogenesis of septic shock. CHEST 1997; 
112: 321S–329S.
46 Weisser M, et al: Hyperinflammation in pa-
tients with chronic granulomatous disease 
leads to impairment of hematopoietic stem 
cell functions. J Allergy Clin Immunol 2016; 
138: 219–228.e9.
47 Pietras EM, et al: Chronic interleukin-1 expo-
sure drives haematopoietic stem cells towards 
precocious myeloid differentiation at the ex-
pense of self-renewal. Nat. Cell Biol 2016; 18: 
607–618.
48 Bernad A, et al: Interleukin-6 is required in 
vivo for the regulation of stem cells and com-
mitted progenitors of the hematopoietic sys-
tem. Immunity 1994; 1: 725–731.
49 Patchen ML, MacVittie TJ, Williams JL, 
Schwartz GN, Souza LM: Administration of 
interleukin-6 stimulates multilineage hema-
topoiesis and accelerates recovery from 
radiation-induced hematopoietic depression. 
Blood 1991; 77: 472–480.
50 Seita J, et al: Interleukin-27 directly induces 
differentiation in hematopoietic stem cells. 
Blood 2008; 111: 1903–1912.
51 Furusawa J, et al: Promotion of expansion and 
differentiation of hematopoietic stem cells by 
interleukin-27 into myeloid progenitors to 
control infection in emergency myelopoiesis. 
PLoS Pathog 2016; 12:e1005507.
52 Yang L, et al: IFN-γ negatively modulates self-
renewal of repopulating human hemopoietic 
stem cells. J Immunol 2005; 174: 752–757.
53 Bruin AM de, Demirel Ö, Hooibrink B, 
Brandts CH, Nolte MA: Interferon-γ impairs 
proliferation of hematopoietic stem cells in 
mice. Blood 2013; 121: 3578–3585.
54 Umemoto T, et al: Integrin αvβ3 enhances the 
suppressive effect of interferon-γ on hemato-
poietic stem cells. EMBO J 2017; 36: 2390–
2403.
55 Baldridge MT, King KY, Boles NC, Weksberg 
DC, Goodell MA: Quiescent haematopoietic 
stem cells are activated by IFN-γ in response 
to chronic infection. Nature 2010; 465: 793–
797.
56 Matatall KA, et al: Chronic infection depletes 
hematopoietic stem cells through stress-in-
duced terminal differentiation. Cell Rep 2016; 
17: 2584–2595.
57 Feng CG, Weksberg DC, Taylor GA, Sher A, 
Goodell MA: The p47 GTPase Lrg-47 (Irgm1) 
links host defense and hematopoietic stem 
cell proliferation. Cell Stem Cell 2008; 2: 83–
89.
58 Nagai Y, et al: Toll-like receptors on hemato-
poietic progenitor cells stimulate innate im-
mune system replenishment. Immunity 2006; 
24: 801–812.
59 Chen C, Liu Y, Liu Y, Zheng P: Mammalian 
target of rapamycin activation underlies HSC 
defects in autoimmune disease and inflam-
mation in mice. J Clin Invest 2010; 120: 4091–
4101.
60 Liu A, et al: Cutting edge: hematopoietic stem 
cell expansion and common lymphoid pro-
genitor depletion require hematopoietic-de-
rived, cell-autonomous TLR4 in a model of 
chronic endotoxin. J Immunol 2015; 195: 
2524–2528.
61 Takizawa H, et al: Pathogen-induced TLR4-
TRIF innate immune signaling in hematopoi-
etic stem cells promotes proliferation but re-
duces competitive fitness. Cell Stem Cell 
2017; 21: 225–240.e5.
62 Rodriguez S, et al: Dysfunctional expansion of 
hematopoietic stem cells and block of my-
eloid differentiation in lethal sepsis. Blood 
2009; 114: 4064–4076.
63 Zhang H, et al: Sepsis induces hematopoietic 
stem cell exhaustion and myelosuppression 
through distinct contributions of TRIF and 
MyD88. Stem Cell Rep 2016; 6: 940–956.
64 Massberg S, et al: Immunosurveillance by 
hematopoietic progenitor cells trafficking 
through blood, lymph, and peripheral tissues. 
Cell 2007; 131: 994–1008.
65 Morrison SJ, Scadden DT: The bone marrow 
niche for haematopoietic stem cells. Nature 
2014; 505: 327–334.
66 Kunisaki Y, et al: Arteriolar niches maintain 
haematopoietic stem cell quiescence. Nature 
2013; 502: 637–643.
67 Acar M, et al: Deep imaging of bone marrow 
shows non-dividing stem cells are mainly 
perisinusoidal. Nature 2015; 526: 126–130.
68 Bruns I, et al: Megakaryocytes regulate hema-
topoietic stem cell quiescence through CXCL4 
secretion. Nat Med 2014; 20: 1315–1320.
69 Mendelson A, Frenette PS: Hematopoietic 
stem cell niche maintenance during homeo-
stasis and regeneration. Nat Med 2014; 20: 
833–846.
70 Greenbaum A, et al: CXCL12 in early mesen-
chymal progenitors is required for haemato-




J Innate Immun 2018;10:365–372372
DOI: 10.1159/000489406
71 Itkin T, et al: Distinct bone marrow blood ves-
sels differentially regulate haematopoiesis. 
Nature 2016; 532: 323–328.
72 Ding L, Saunders TL, Enikolopov G, Morri-
son SJ: Endothelial and perivascular cells 
maintain haematopoietic stem cells. Nature 
2012; 481: 457–462.
73 Sanjuan-Pla A, et al: Platelet-biased stem cells 
reside at the apex of the haematopoietic stem-
cell hierarchy. Nature 2013; 502: 232.
74 King KY, Goodell MA: Inflammatory modu-
lation of HSCs: viewing the HSC as a founda-
tion for the immune response. Nat Rev Im-
munol 2011; 11: 685–692.
75 Christopher MJ, Liu F, Hilton MJ, Long F, 
Link DC: Suppression of CXCL12 production 
by bone marrow osteoblasts is a common and 
critical pathway for cytokine-induced mobili-
zation. Blood 2009; 114: 1331–1339.
76 Zhao M, et al: Megakaryocytes maintain ho-
meostatic quiescence and promote post-inju-
ry regeneration of hematopoietic stem cells. 
Nat Med 2014; 20: 1321–1326.
77 Casanova-Acebes M, et al: Rhythmic modula-
tion of the hematopoietic niche through neu-
trophil clearance. Cell 2013; 153: 1025–1035.
78 Ito K, et al: Reactive oxygen species act 
through p38 MAPK to limit the lifespan of he-
matopoietic stem cells. Nat Med 2006; 12: 446.
79 Winkler IG, et al: Vascular niche E-selectin 
regulates hematopoietic stem cell dormancy, 
self renewal and chemoresistance. Nat Med 
2012; 18: 1651–1657.
80 Papayannopoulou T, Craddock C, Nakamoto 
B, Priestley GV, Wolf NS: The VLA4/VCAM-
1 adhesion pathway defines contrasting 
mechanisms of lodgement of transplanted 
murine hemopoietic progenitors between 
bone marrow and spleen. Proc Natl Acad Sci 
USA 1995; 92: 9647–9651.
81 Papayannopoulou T, Priestley GV, Nakamo-
to B: Anti-VLA4/VCAM-1-induced mobili-
zation requires cooperative signaling through 
the kit/mkit ligand pathway. Blood 1998; 91: 
2231–2239.
82 Umemoto T, et al: Integrin-αvβ3 regulates 
thrombopoietin-mediated maintenance of 
hematopoietic stem cells. Blood 2012; 119: 83–
94.
83 Mitroulis I, et al: Secreted protein Del-1 regu-
lates myelopoiesis in the hematopoietic stem 
cell niche. J Clin Invest 2017; 127: 3624–3639.
84 Chen L-S, et al: Endothelial cell-specific over-
expression of Del-1 drives expansion of hae-
matopoietic progenitor cells in the bone mar-
row. Thromb Haemost 2018, DOI: 10.1055/s-
0038–1624582.
85 Guidi N, et al: Osteopontin attenuates aging-
associated phenotypes of hematopoietic stem 
cells. EMBO J 2017; 36: 840–853.
86 Nilsson SK, et al: Osteopontin, a key compo-
nent of the hematopoietic stem cell niche and 
regulator of primitive hematopoietic progen-
itor cells. Blood 2005; 106: 1232–1239.
87 Kanayama M, et al: Skewing of the population 
balance of lymphoid and myeloid cells by se-
creted and intracellular osteopontin. Nat Im-
munol 2017; 18: 973.
